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SUMMARY

This technical report describes the results of a two-year
investigation into the Advanced Imaaing Tracker (AIT), a novel
infrared tracking concept which attempts to provide low resolution
imagery at frame rates comparable to contemporary FLIR's with simul-
taneous high-bandwidth target centroid estimation. The initial
motivation was to find useful alternative passive tracking systems
for the DARPA Talon Gold and LODE prcgrams.

The program was divided into two phases. Phase I, a concept
feasibility study, was completed in December 1980. The results of
this phase were combined in an Ir "erim Report. The Phase Il pro-
gram effort centered on fabricating a workina AIT portable bread-
board, containing ail optics, electronics, processing hardware and
software needed for conducting an AIT experimental test program.

The breadboard was constructed and AIT imaging and tracking
demonstrated. During Phase II new classes of imaaing and tracking
algorithms were defined, analyzed, characterized by computer
simulation and implemented ir hardware. A special purpose high-speed
digital signal processing system, the Programmable Microcoded
Processor (PMP), was designed, fabricated, tested and coded. The
optical system is capable of visible and IR orration, and includes
a dynamic target simulator for system testing. An extensive soft-
ware base was written to support algorithm development, system
simulation, experimental data analysis, and interactive control.

A color display system was integrated with the breadboard system for
pseudo-color image output and diagnostic display. The system is
ready for use in an experimental program of AIT imaging and tracking

performance.
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1.0 INTRODUCTION
1.1 AIT Concept

The Advanced linaging Tracker (A1T) program undertook to deveiop
a novel tracker-imager concept. The scheme employs a quad-cell
detector and an image scanning device to extract from a received
optical image its centroid and a low-resolution reconstruction of
the image. The system was originally intended as an advance on
scanning-rLIR type imaging trackers, since it could providz a much
higher centroid tracking rate (4-8 kHz, as opposed to 30 Hz for
video-rate FLIR's) while retaining the FLIR image rate (30 Hz).

The AIT concept is described in somewhat mure detail in Figure
1.1. Passive infrared radiation (dashed Tine) from a distant target
is received by a telescope and transmitted to the AIT through some
optical relay system including, in this case, a set of fast tilt
mirrors for fine track on the target. In this example, the telescope
is part of an HEL beam director system, so that a Shared Aperture
Device is included in the optical patn.

The optical Tayout of the AIT iitself is shown figuratively at
bottom left in the diagram. Here the major components of the AIT
are shown. A carefully nrepared optical plane wave (solid), whose
amplitude may be controlled by a modulator, is combined with the
incoming IR trom the telescope, and reflect | into the remaining
tracker optics. The plane wave is ysed as a highly accurate tilt
reference. which may be used 7or differential measurement of the

image centroid in the focal plane, removing measurement errors




it h

NEL

AT TIREER

O

PRIy TN

SHARED ‘;,,thf‘
. . A, ot AIM-POIKT CORRECTED
APF?;&S;@). UEVICL ,‘«::’4 \\ FINE me
//,>j’
F’V //\
ADVAHCED THAGING YRACK&B,,—”“"’
et
(AT 3 AIH FOINT
_— QUDRANT COMPUTAT1ON
o DEECTOR
( , 10 m‘ } ! GO0z
REFERENCE A i’ IMAGE
‘-‘\\\ta escwe 4 | processOR PROCESSOR | —
YD ‘,.4‘ IR CENTROI (HOT SPOT)
o
BEAM Tﬂ;; S
CHBINER U /;,
\ruuw - e

PO

AR |

thtdCi AN A b k)

MALIMUM IR
TARGET IMAGE
SIZE APPROX.
5 RESELS

IMAGE FXTRACTOR

NUTATIGH DEVICE
ADYANGED JMAGI:-s YRACKER ( ALY )

FIGURE 1.1




induced by motion of the AIT optical components, electronics
offsets, etc.

The combined beam is passed through a hioh speed nutation
device, depicted here as a tip-tilt mirror. This davice deflects
the beam in a complex pattern in the focal plane, where it is
detected by a simple quadrant detector. The result is a set of
four output wavefroms, one from erch detectoi, which are passed
to a pair of signal processors.

The first ot these is based on the centroid extraction tech-
nique (the Synchronous Centroid Sampling, or SCS, algorithm) which
was developed by AOA for the 13 Sensor wav2front sensor. The
details of this process will be discussed in Section 3, but its
purpose is to determine the IR centroid of the image, and hence
angular position of the target cbject.

The second processor 1s used to reconstruct the target image
from the detector wavefroms. The image information, obtained at
relatively slow speed, can then be combined with the high speed
centroid data to determine the appropriate aim point for the HEL
beam on the target object. The computed aim point results are then
applied to the tip-tilt mirrors to maintain system track.

The J.IT wrocess therefore consists of three basic steps:

1) Nutate the image on a guadrant detector t~ produce

the output waveforms which carry che centroid and image information.

7?1 Process the waveforms for centroid data.

3) Process the waveforms for image reconstruction.
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1,2 Aim-Point Maintenance

The need for both image and centroid data is outlined in
Figure 1.2. Whereas the centroid of the image may be obtain2d
at high speed (at least using the AIT technique) it does not provide

sufficient information to stabilize an HEL beam on a relatively

small region of an extended target. This is because the target
will in general be thermally dynamic; that is, its temperature
profile will change in time due both to its intrinsic characteristics
and its interaction with the impinging HEL beam. In the example of
Figure 1.2, the terget is an atmospheric missile. Due to air
B frictinnal heating and the different thrust phases of 1ts flight,
the temperature distyribution on the target will change significantly
as the leading edges heat up, the engine area warms, and the
exhaust plume vanishes at burnout

Besides these intrinsic effects, the target will develop a
i;;' hot spot at the point of initial contact with the HEL beam. For
S a tracker system in which the HEL aim point is not coincident with the
centroid measurement, the contact poin. wouid be offset from the centroid of

the IR emission of the target alone. As the hot spot develops,

however, the centroid will be shifted towards the hot spot, which
will in turn change the aim point. This interaction will cause
the hot spot to lrift on the object, greatly reducing the effec-
tiveness of the HEL.

If information from the full 1mage is availeble in addition to
its centrovd, the HEL aimpeint may be calculated as an offsetl io

the IR centroid. This offset can than be updated as the target




BRIGHT EXHAUST AND TAIL
/f'

DURING AND TMMLDIATELY AFTER [
BURN ,/ e -
P e
e -7
Pl - et /,:/
LARGE — ,
EMISS {ON ~ -
FROM  ——— (i LARGE EMISSION FROM
NOSE CONTROL SURFACE
////’ LEADING EDGE
DEVELOPING
HOT SPOT

AIM POINT MAINTENANCE IS REQUIRED BECAUSE

IR CENTROID CHANGES POSITION ON OBJECT DURING DIFFERENT
PHASES OF FLIGHT AND AS HOT SPOT NEVELOPS. TO KEEP

HOT SPOT STABLE ON OBJECT, AIM POINT OFFSETS FROM IR
CENTROID CAN BE CALCULATED FROM IR IMAGE INFORMATION.

FIGURE 1.2

TV PRIV T O PRI TR pRRR T £ A < wi ie . svemmie




MW'!WWMWWWWM o T =y ERRa——

on
i b e e

temperature profile changes, stabilizing the HEL aimpoint. Since
the temperature profile is governed by thermal time constants, it ;
viaires slowly, on the order of fens of miliiseconds, compared with ‘
the sub-millisecond jitter rates of the centroid itself (due to
effects such as atmospheric distuvbance and telescope bearing
Jitter).

The AIT is therefore intended to yield the combination of
fast centroid tracking and slower image reconstruction (at a ratio

of about 100:1) required for aim-point maintenance. E
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. 1.3 AIT Program Goals

The AIT program was designed *o analyze the concept and identify
the relevant theoretical and technological issues, characterize the
probiems and develop solutions, and finaliy implement the results

in a working breadboard imager-tracker.

‘;};_ The probiems of imaging and tracking were 3ddressed separately.
5*?2?' The tracking problem was treated as an extension of the 13 Sensor
measurement tec' ique, and the basic system constraints imposed

by the need Lu track were determined. The imaging protlem was then
analyzed subject to the tracking constraints, and a fcrmal proce-
dure fur obtaining image reconstruction developed. The tracking
and imaing algorithms were then evaluated by extensive computer
simulation to verify the analytical results. A processing archi-
tecture capable of implementinu the algorithms was adopted, and a
conplete processor designed and fabricated, and coded to exezute
both imaging and tracking processes. A breadhoard version of the
optical sensor head itself was then constructed, and integrated
with a specially built target simulator to test the performance of
a complete system. Finally, operation of all coimponents was
demonstrated, and image reconstruction experimentally achieved.

In the following sections each of the major areas of program
effort are described and resuits presented. Th: material is
organized topically rather than chronologically, since many of the
efforts were parallel; the time sequence implied by the section

numbers is however roughly correct.
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The AIT program was divided into two parts: a Phase 1 feasibility
<tudy which extended from June 14980 to Necember 1980, and a Phase 11
breadboard fabrication and test prcgram conducted from January
1981 to January 14982. The results of Phase I have been repeated

; and extended, so that this report documents the output of boch

; phases.
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2.0 THEORETICAL FORMLLATICH: IMAGING

2.1 .lb@f__lf__é@_n.ﬁp_r,

The AJT tracker-imauger is an extension of the I Senﬁor(l)

centroid tracker, and it is useful to first examine the simpler
13 Sensor for insight into the operation of the AlT,

Figure 2.1 is a scnematic view of the 13 Sensor. DJesigned
as an optical wavefront sensor, it is, in its simplest form, an
array of tilt sensors, each measuring the mean t.1t in a sub-
aperture of the instrument's full input aperture. Tne resulting
2~ array of wavefrint slope measurements can then be used to
obtain an estimate of the original wavefront shape.

In operation, the input wavafront is combined with a plane
wave which acts as a tilt reference. The reference is switchable,
and is used only a small fraction of the time to calibrate the
sensor for its own optical and electronic drifts. The wavefronts
are then relayed through a nutation device, in the case of the 13
sensor, which imposes a simple circular scan on the beams. The
full aperture is then divided into subapertures by an array of
samplirg lenslets. At the fncal plane of each lenslet is a
quadrant deteztor.

The detector focal plane is shown enlarged at the bottom of
the figure. As the subaperture focal spot moves in the circular
pattern induced by the nutation scan, the detector quadrant outputs

vary. The intonsity in each quadrant incresses as the spot moves
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into tnat quadrant, at the same time the intensity in the adjacent
quadrant decreases as the spot leaves. When appropriately
demodul.:ted, as described in Section 3, the centroid of the unnutated
focal cpot (or the centroid of the circular orbit) is chtained in
each subaperture.

Taken individually, each subaperture tilt sensor is a complete
centroid tracker. Under the Advanced Imaging Adaptive Optics (ALAQ)

program, it was shown that the variance o on the angular measurement

is given by

02 = gﬁ——(%)z (Radians)2 (2.1)

where SNR = signal-to-noise ratio of the full four-quadrant
detector area in the operating bandwidth
A = wavelength of incident radiation
D = the subaperture diameter

or, for photon-noise limited operation

2 ﬁ—(%)z (radians)2 (2.2)

where N = numher of photons detected during observation period

This is within a factor of two of the theoretical performance
limit for quad-cell type detection, (2) so that the 13 sensor is

& near-optimal centroid tracker.




2.2 Nutation of Extended Objects

By examination of the detector waveforms for an extended
object, it can be s2en that more information than just centroid
data has been encoded by the nutated guad-cell precess. Figure 2.2
shows the quad cell outputs for a horizontal bar target having a
5:1 aspect ratio. The waveforms were experimentally measured on a
breadboard sensor set-up. The oblong nature of the bar is apparent
by the slope differences in the waveforms for, say, the (Q1-Q2
transition and the Q2-Q3 transition. As the jong axis of the bhar
crosses between quadrants the transition is gradual, while thre
transition 1s abrupt when the narrow axis moves across the
quadrant, boundary.

The nature of the transformation between image and nutation
may be quantified ky considering the object to be composed of
pixel elements of varying intensity in the image plane. An illus-
tration of the results of such a decemposition is snown in Fiqures
2.3 and 2.4. In Figure 2.3, three different pixels from a field of
8 x 8 are shown illuminated. Because of their differing displace-
ments from the quad cell origin, the arcs described hy each will
result in different residence times for each pixel in the four
quadrants. Simulated quadrant outputs for each pixel are shown
in Figure 2.4. From these considerations one is invited to make a
one-to-one correspondence between each pixel and its characteristic
set of waveforms. In the next subsection, the time sampied

versions of these waveforms will be called pixel vectors.
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The process of nutation and quad cell detection can therefore

;QVf’;‘ be viewed as a linear transformation between the pixel represen-
gf’ :; tation of the image and a pixel vector representation. This concept
‘ﬁ%ﬂ‘j? is illustrate:! 1n Figure 2.5. In order that the pixel vector
} representation be cemplete, certain sampling constraints must be
| %if. i observed. As will be seen in subsection 2.3, this consideration

leads to the use of more complex rnutation patteras than the circle
A (which likewise complicates the tracking process, as seen in

uq]fv; Section 3). The image reconstruction problem is then seen as ana-

1 {~f“ logous to using an inverse transformation of the nutation process
to obtain the original image. In the next section a procedure for

finding this transformation is developed.




3
3

Lindil

J | J
IOV A S$<3304d _ SWYOA3AYM
Q37 11H¥N0 zowku:mwmzoumm¢ ¥0L23130
L L B
NOT.IVYWHO4SKNYYL
JSYIANI

17

NOTLJNYLSNODIY L1y

B ] lu -
(NOILVLN3S3ddIY
i8] K -
4OL3A T3X1d) 1132 gvnt (NOTLYLNISIYd3Y
"y Y
SWY03IAVM 4+— NO 13X1d)
40193130 JLviny 9%41 GIZILNYND
r p— L L
NOTLVINISIddIY NOILWWUO04ShYYL NOTLWHYEOSNI
1nd1no VE 1NdHT

NOILVINGOW LIV

2.5

FIGURE

N T U

R

S B3 g e




b s N R e Tl i " R

18

2.3 The AIT Image Reconstruction Algorithm

The AIT imaging algorithm reconstructs the input image by

solution of the matrix equation which relates the detector output
waveforms to the image intensity distribution for a given nutation
] » pattern. In order tc define this equation, we consider an N x N
??f if element square pixel field which will contain the imagc. If the
amplitude of the ith pixel is given by the scalar Ai’ then the
entire image can be defined by a vector containing all pixel

amplitudes.

t p o2 (2.3)
. AN
P;ﬁf Consider an image in which only the ith pixel is illuminated
;w”,s with unit amplitude, i.e.,
"_' A _i = 1
Akzi =0 (2.4)

This will result in a specific detector output waveform when
nutated on the quad cell. If the four detector outputs are time
savpled with 4N2 samples taken as a full nutation pattern is
scanned, the 16N2 detector output samples corresponding. to unit

iiTumination of the 1th pixel define the vector, called a pixel

vector:
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.
Py

: Q =1 -4 Quadrant number

PQM

: M=1- 4N2 Time sample number

]
P, 4N“
4 (2.5)

There is a unigue pixel vector $ associated with each pixel
in the image field. The detecto ocutput vector 5 is defined simi-
larly to P but is the response to a general image input E. The
vector D can be described as a linear combination of the unit pixe:
vectors ﬁ, and this relationship can be formalized by arranging the
pixel vectors to form a forward matrix F

F=P ... P2 (2.6)

The relationship batween the input image A and detector outputs

>

D can be stated
FA=0D (2.7)
Since D is the measured variable and E the desired result
(the image), this equation must be solved for A. This can be done

tformally by defining a backward matrix B which is an inverse of F.

BF =1 1 is the identity matrix (2.8)

That gives

A 5 g ° n (2.9)
, 4
matrix hackward detector
matrix vector
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The mairix F 1s non-square (having dimensicn N x 16N for a
nutation pattern with ideal sampling), so that B can be any of
the possibie pseudo-inverses of F.  The pseudo-inverse having
minimum variance for noisy input is definea by

Ty -1 T
Boin = (FF) 7Y (2.10)

Reconstruction of an image from quadrant detector outputs
requires a nutation pattern sufficiently complex to unambiguously
sample all pixels in the required reconstruction field. That is,
the spatial Nyquist criterion of at least two samples per linear
dimension per pixel must be obtaineu. In terms of AIT, the image
must be nutated so that the quad cell axes fall at four distinct
sample points in each pixel. For perfectly uniform sampling,
this implies 4N2 samples per quadrant for a total of 16N2 samples
needed for an alias-fee reconstruction, where N is the number of
pixels across one edge of a square field.

Here the spatial Nyquist criteria of sufyicient sampling is

specified by the existence of the inverse (E}E)_l.
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2.4 Properties of the Reconstruction Algorithm

As stated earlier, the back matrix B (equation 2.10) will yieid

(3)

the minimum norm estimate of the image from the input data D.

The exact relationship between the variance on the reconstructed

image pixels and the system noise is derived below.

2.4.1 AIT Imaging Noise
The AIT imaging process is a multiplexed detector

approach. Although the nutated quad cell detector arrangement

g ? i veilds a very efficient centroid tracker, its use as an imager
is a compromise from a signal-to-noise standpoint. In the
following sections an expression for the nois2 propagator from

detector output to image output is derived,

AIT Noise Propagator

We will use the definitions:
.th

A; = amplitude of i*" pixel in input image (ith eiatry
uf image vector)
[3Ai = noise in ith pixel (zero mean random variable)
Bij = back matrix coefficient for~ith pixel and jth
detector sample
Dj = jth dete~tor sampie (jth antry of detector vector)

- detector sample noise (zero mean random variable)

>
=
it
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We wish to determine the variance squared in the i pixel after

one {rame, This will be given by
A +AR )Y = () , rwao)) (2.11)

where < > denotes expected value, and the sum is over the |

detector values.

Expanding

(,(A,-)2 +20PA 4 (AAi)ZZ’ = {{] B..D.+ Z BUADJ.)2>

3 137
)8+ (DAY + {(aA)Ey = (] 8,0 +
i LRARIS
0 since AAi
has zero mean
2
..D. D) 4+ .LAD.
SBUDJF D) (% B, 480,) >
2 ’ /‘2
KT+ KaA)D> = U D v <20 B304 880 0N
/ J
<(/] [)jADj) >
‘ ?
{wh)™> - <2A-i L a0 ¢ < ADJ\?>
varwgﬂre squarcd 0
in it pixel since ADj has
zZero nmean
<V B,.a0.)°%) (2.12)
:j 13 \]I Le »

A "o
< }] By ;80,0 (] bi\.AD-)>

<1 rmy
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>

< a0,
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where NTAIT

i

ATepame

NAIT

for AIT

< ()5
AT

1
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times the sum of the squares of the i

23
S - 2.13
< (>]\B1JI\D ) > (2 )
;" ‘? because terms like <;B ADkB1nADQ>
TENE since AD is a random variable.
i . 2
i =) (8,800 >
AR b J J
] J
KL
“Jl <(L«.Ai)3> = B,_;jz‘(ADjZ) (2.14)
.;ﬁy:
A -
&¢¢fﬁj We have the result that the variance squared in the ith nixel
b TH‘ brightness is given by the variance squared on the detector samples
. Sy
N -th

column of the back matrix.

”
\\

Uj‘:> can be related to the Jdetector noise

power by the expression

Mrnrr

AT rrame

2
(Prart)

number nt time steps in nutation pattern;
minimum 4N, where N is total # of pixels

duration of nutation pattern (frame time)

in (Hz)_%
(detector must cover full 8x8 F.0WV.)

noise power for detectors

s 2 NI :
LBy et (P ) (2.15)
g prage

TV T T R TR 1
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2.4.2 AIT imagz conditioning characteristics

X The formulation of the reconstruction algorithm allows
a certain amount of image corditioning to be included in the back
matrix B, which can have significant engineering implications.

specifically if the forward matrix F is gererated by a particular

hardware AIT system by sequentially presanting the system with

point source illumination in each of the pixels in the input
representation field and recording the detector outputs, F will
contain all the effects of the system optical transfer function,

The back matrix B will include the inverse of the OTF. As a result,
resolution loss due to optical aberration, image distortion, and
other image defects can be removed in the reconstruction process.
The extent to which this can be done dependsg®k the characteristics
o7 the system OTF; significant amcunts of deb]urring have been
achieved using similar techniques. (4) Tiiis image conditioning

property arises as a desirable side benefit of this reconstruction

approach.
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3.0 THEORETICAL FORMULATION: TRACKING

3.1 Algorithm Constraints

The twin needs of imaging and tracking act as competitive
constraints on the nutation pattern used to scan the object. The
spatial Nyquist criteria (Section 2.3) dictate the sampiing density

é needed to provide imagery at a specific resolution. The desire for
' fast tracking, using an 13 Sensor-like tracker algorithm, requires
a sampling sequence which circles the quad cell origin many times
for each complete sample set in order to get many centroid

! estimates per image estimate. In addition, engineering limizations
on the nutation device itself, which will be discussed in Section
7, have led to use of a specific c¢lass of compound Lissajous
figures for nutation patterns. The image field is deflected

according to the following set of parametric equations:

g = Dmax ((sinz2nf t) (cos2n(f /s)t)} (3.1)
Yo ¢ = Dmax {(cosenf ) (sin2n(f /s)t)}

Dmax = pattern size,

f, = nutation frequency,

S = number of spirals per pattern.

This pattern, referred to as the colliapsing ellipse pattern,
y can be seen as composed of a circular nutation pattern of nutation

frequency fn, multiplied Ly an amplitude modulation function at

frequency f”/s. The sampling sequence therefore makes S circuits

about the quad cell center for every complete pattern. An example
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of this pattern, which was used as the benchmark throughout
the program, is shown in Figure 3.1. The pattern was designed
to cover an 8 x 8 pixel imaging field. The parameter S = 15,
and there are 31 sample points taken every spiral, for a total of
31 x 15 = 465 samples per image.
Given these basic nutation characteristics, a tracking

algorithm can be defined.
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3.2 The SCS Algorithm

The SCS algorithm can be defined by reference to Figure 3.2
A focal spot cerresponding to the target image is nutated on a
quad cell. The guadrants are labeled Q1 - 04. Four intervals in
the nutation cycie are also defined, as periods T1 - T4, or nutation
argular intervals 61 - 64, vwhich are equivalent since with circular
nutation the spot velocity is constant. Measurements of spot
centroid displacement are made at different times for the two axes;
x-displacement is measured during periods T: and T3, while y is
measured during T2 and T4. The algorithm defines the spot position,

and therefore input tilt, by a numerator proportional to displace-

ment and brightness, and a denominator proporticnal to brightness

unly:
XNUM = QI(T ) Q?(r ) {QK&(TZ)-‘Q:}(TZ)) + (Q4(T4)‘(Q3(T4)) -
(04 (T4)-0p(T,)) (3.2)
Xoen = (Qq(T0405(T,)) = {9,(T)4Q,(T,)) + (Qy(T,) (0, (7)) +
(0 (T 140,(T,)) (3.3)
X
X = (3.4)
“DEN

The motivation for this definition can be seen by separately
examining the effects of each term. The differences Ql(Tz)—Qz(Tz)
and Qa(Td)"Q3(T4’ cevrespond to measuring the intensity imbalance
hetween right anda left haif-planes, during those times when the
snot 1s expected in those quadrants, which occurs due to spot
displacement. The imbalance occurs because a shift of the spot

appears as a shift in the center of the nutation circle, as shown
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n Figure 3.3. The imbaiance between the cignals integrated from
each quadrant can be interpreted as propovtional to the differences
in arc lengths hounded by the integration intervals and quad cell
boundaries, as shown in the figure.

The other numerator terms Q4(T2)-03(T2) and Ql(T4)“QZ(Td) are
the power differences seen when the focal spot is not present in
the respective guadrants. For an ideal, sharply bounded spot, the
secoﬁd set of terms should represent differences only in background
radiaticn or detector responses, and serve tu cancel these contri-
butions from the first set, so that the numerator becomes sensicive
to the spot only. For spots whose radii exceed the size of the
nutation radius, or for less well bounded spots (such as the Airy
pattern or Gaussian distributions commonly encountered) the spot
intensity ic never wholly absent from a guadrant even though
nutation may have moved the spot farthest away from that quadrant
during a cycle; in these cases spot power as well as background
power 15 cancelled from the numerator, and modulation efficiency is
reduced., The relationship between object size and nutation radius
is therefore an important considoeration.

For objects smaller than the nutation radius, the scale of
the displacement is given by the nutation radius, that is, thne
output of che algorithm gives displacemonts as fractions of the
nutation radius. The response of the algocithm as a function of
putation radius is summarized in Figure 3.4. At small radii, the
sensitivity ic determined by the spot size, wnile at large radii the

nutation radius sets the sensitivity.

RN, U R T )

"
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The function of the dencminator is to normaiize the output
to spot brightness.

[t can be seen as a sum of left and right
half-plane terms, rather than a difference as in the numerator.

Background cancelling terms are still present.

The algorithm for y-axis informatiorn is similarly defined,

using the time intervals T1 and T4. Note that y-axis information

is obtained 90° out of phase with x-axis information during the
cycle.

It is important to emphasize that the background-cancelling
terms make the SCS algorithm an AC algorithm.

The position
information is impressed on a carrier at the nutation rate.

Out
of band noise, in particular 1/f noise, is rejected by the same

cancelling action as removes background iilumination.

R S
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3.3 The AIT Tracking Migorithm

Significant modifications must be made to the SCS algorithm
to acconmodate the AIT nutation pattern, Some performance 1css
might be expected, but the following features should be retained:

1) AC operation. The continued recognition that many
of the AIT applications will be in infrared systems means that
AC demodulation must be implemented to avoid 1/f noise and uniform
background illumination problems.

2) Bandwidth. A closed figure is described once every
15 times the spot orbits the center; imaging is updated every time
a full pattern is completed. This will be referred to as a major
cycle, as shown in Figure 3.5. The separate traversals will be
denoted minor cycles; one examplie is shown in Figure 3.6. In
order to retain the AIT feature of tracking at greater rates than
imaging, tracker data should be obtained at the minor cycle rate,
which is 15 times that of the major cycle, or imaging rate. This
complicates the problem further, since each minor cycle is different
from the others, requiring a different algorithm form for each.

3) Well-defined scale factor. In the SCS algorithm,
the scale factor is defined by the nutation radius as lcng as the
object size is smaller than that radius. In the AIT nutation
pattern, it is clear that there exists no single nutation radius,
so that the scaling of the output becomes less Lbvious. Since
varying size objects will be observed, the algorithm must be

adaptable to varyving object extent.
f g
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FIGURE 3.5. AIT MAJOR CY¥OLF

FIGURE 3.6. AIT MINOR CYCLF
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Using these criteris, we now outline a general prescription
for an AIT tracker algoritkm, which uses a form analogous to

eq. (3.2, - (3.4):

M = 00,00)-0,00)) - L (g (0,) - 0 0n,)) +

X
num NQ( ) NZ(M)

r~7

=4

o~
Ny { y({Qy(Hy) - Q3{N,)) - 4(”) (Q (N,) - Q,(1,))  (3.5)

XM = NS%; (2,(H) * 0, (K,}) - Z{ J(Ny) + 0 (0,)) +
Z:

{:

! M Ium(M) ’
X(M) =S ( ) den(‘pﬂ"*’ X f(”) (3.7)

Here the quadrant outputs aire referenced to a sample number
N of a minor cycle M, where for the current AIT N < 31, M < 15,
the separate sets of samples N1 - N4 are anaiogous to the intervais
T] - T4 in the SC$ algorithm, and define which samples ave used to
form an interval. This procedure will be discussed in detail
below. The term Xoff(M) is ¢n offset correction term that accounts
far residuai asyrmetry in the sampie set, which differs for diftei nt
minor cycles. The factor S{M) is a scale correction factor, which
defines a nominel or average nutation radius for the cycle.
Consider the example of Figure 3.7. A minor cycle is shown
(actually *ne ozt difficult of the cvcle shapes tc treat), with
its 31 sample segments marked. The two circies indicate two

example object sizes of radius 1 nixel 2 pixei diameter) and 2
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pixels (4 pixel diameter). To measure an X-displacement using an
SCS5-vype algorithm, the object must be entirely above or below the
¥-axis. For V-measurements, the object must be completely to the
Tett or right of the y-axis. This insures that the measurement is
independent of object size. Based on this notion, ¢1) samples
outside Region 1 can be included for the small obejct, and those
ocutside Region 2 can be used with the large object.

A second constraint is that a sampling interval must extend
at least an object wiath to either side of the axis which it crosses
during the measurcement interval. The intervals ultimately defined
by these constraints are shown in Figures 3.8 and 2.9 ror the two
and four pixel diameter objects respectively.

Note that for the four pixel spot, x-axis information cannot
be ob .ined in this ninor cycle, since there are no samples in
Quacyant 1. Y-information for this large object would have to be
obtained 7iom other minor cycles with more amenable shapes.

The response of the algorithm for any chosen minor cycle and
object size can be calculated for a point-object, essentially by
measuring the x- or y-axis components of the included arc lengths
in the measurements. By obtaining values of X(M) tor a zero-cffset
spot and a unit offset spot (for a given M), the constants S(M)

and Xoff(M) can be obtained from equatior {3.7).
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FIGURE 3.8. Usable arc lengths for 2 pixel diameter object.
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FIGURE 3.9. Object size (4 pixel) exceeds available arc lengths,
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3.4 AIT Tracker S/N

The expression for angular measurement variance, eq. (2.1),
of the I3 Sensor can be modified to provide an estimate of the AIT
tracker S/N performance. Two observations must be made. One, eq.

(2.1) is true for a system operating at optimal nutation radius,

that is
_ A
Y‘N = ‘[5 (3.8)
where ' is the nutation radius, A the received wavelength, and

D the subaperture diameter. The ratio A/D is the angular resolution
of the aperture, so it is seen that best performance occurs with

the angular scan radius equal to the pupil angular resolution.

In general, for nutation radii larger than A/D, the variance is
given by:

2 2

of = ok (Ry)°

(3.9)

where RN is the (not necessarily optimal) angular nutation radius.

For AIT, R, ran be replaced by a mean or normalized nutation radius

N
corresponding to an average over the arc used in each minor cycle.
For AIT, RN will rearly always be larger than optimal, to maintain
object size insensitivity.

In addition to the variance increase encountered due to nutation
size increase, there is also a duty cycle reduction that results
from use of only part of the total available arc length; the

loss to performance is not exactly equal to the fractional loss

of arc length since the samples taken at different nutation angles
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contribute divferently to the measurement. As a worst case,
however, one can assume that the variance is proportionate to the

fraction of a nutation cycle used:

N
Big T (3.10)

th th

where B ; refers to the i°" axis (x or y) of the j=" minor cycle,

and ON is the total nutation included by the minor cycle,
An upper bound on the AIT tracker variance can therefore be

given as

2 g2 .2
94, SR RN By

(3.11)
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4.0 SOFTWARE SIMULATION AND PERFORMANCE CHARACTERIZATION: IMAGING

A1l of the image reconstruction algorithms were characterized
using an extensive set of simulation codes run on the AQA Data
Gerieral computer system. This section discusses the structure and
function of the major simulation packages, the procedures involved
in constructing the bhacx matrix, and the results obtained using the

process to reconstruct images frem simulated data sets.

4.1 Computer Systen

The simulations were run on the Air Force-owned Data General
Nova 3/12 system lecated at AQOA. The configuration of this micro-
computer system is diagrammed in Figure 4.1. The computer i3
equipped with 64K words of mapped menory, hardwdare floating point
capability and a ULM I/0 port for communication with extra external
devices (such as the printer and the PMP) under RS-232 protocol.
The system supports two interactive users in foreground/background
mode. A floppy disk and a cartridge disc drive (5 MByte fixed, £
removabie) are for mass storage. Hard copy of text is output
through a DG/Dasher printing terminal.

Two peripheral systems communicate with the Nova through its
backplane, the DG/DAC system and the color display. The DGC/DAC
laboratory interface includes 4 A/D channels, /A channels, and
16 bits each of latched TTL inputs and cutputs. This system enabies
computer access to experimental bLardware for control and data

collection purposes.

L,

o e L
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This interface was also usod to access the AT interface
electronic system, which contains the nutation drive gencrator and
a switched integrator front end for data sampling of the nutation
waveforms.

The Genisco Programmable Graphics Processor and assuciated
hardware provide high-speed, medium resolution coor graphics capa-
bility for pseudo-color image output. This particular system was
chosen for its high data transfer rate and color-fill speed, which

could accommodate the anticipated maximum AIT image rate.
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4.2 Simulation Structure

To provide unambiguous characterization of algorithm performance
and retain the operational flexibility needed to conduct algorithm
development, the program structure shown in Figure 4.2 was adopted.
Depicted are three system segments, two of which are software
constructs.

Complete simulation of a proposed AIT configuration first requires
a means for generation of the nutation waveforms associated with
the desired input test pattern. This function is performed by
program SIMDSK. Originaliy written to simulate 13 Sensor outputs
under the I3 Sensor Study program, SIMDSK was expanded to accommo-
date the morc complex nutation patterns used in AIT. SIMDSK is
designed to parallel as closely as possible the physical process
as done in the experimental set-up. The program accepts a test
image defined as a 20 x 20 array of intensity values. This input
fiie is then numericaily superimposed on a 40 x 40 element array
which defines the quad cell. The quad c211 routine car include
the effects of nonuniform responsivity and finite gaps between
detector elements. The 2-D integral of the power in each detector
is calculated and output.

The displacement b~tween the image and quad cell coordinate
systems can be set by the operator (as an input tip and tilt) and
by another file containing the description of the nutaticn pattern.

The detector output calculation is repeated for each of the spot

positions defined in *the nutation file. The result is a vector of
detector values given as a function of nutation, i.e. 2 quad cell

waveform set
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The simulated quad cell cutputs are stored in a disk f1le for
later access. Generation of a detector waveform can take up to an
hour, depending on the resolution used in the calculation.

For reconstruction of the nutated image, the program IMAGE is
used. The input to image is the disk Vile containing a.nutation
waveform. A reconstruction algorithm is then called, which is se-
lectable by the user. Normally this would inv.lve data conditioning
steps and then multiplication of the detector vectur by the back
matrix. The output image vector can then be displayed by a variety
of peripheral devices, such as a printer plot, grey-scale oscillo-

scope display, or the Genisco color display.
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fhe computational magnitude of the pseudo-inverse generation
step is considerable, and at this time the problem will be scaled
by introducing the specific parameters used in the AIT program, as

listed in Table 4.1.

Parameter size Quantity Dimension
Pixel field size 8 x 8 A 64 pixels
Number of winor 15 S

cycles per pattern

Number of samples 31 M

per rinor cycle

Number of samples 4 x 15 x 21 D 1860

per pattern

Size of forward 64 x 1860 F 119,040
matrix coefficient
Size of normal 64 x 64 (Erﬁ) 4096 entries
matrix

Size of back 1860 x 64 B 119,040
matrix

TABLE 4.1. PARAMETERS OF AIT RECONSTRUCTION PROBLEM

Because of the limited computation speed and particularly the
Timited memarv size of the Nova computer, the probiem had to be
hroken into many sections. Two kinds of routines were designed.
One type is a set of computdational ioutines fcr performing matiix
algsbraic operations such as matrix muitiplication and inversion.
The other is a set of Jiskx til. handling programs for packing and
manipulating the large matrices and minimizing time consuming

disk accesses by careful Lurfering. Particularly important is the
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design of the transpose routine, which can take up to six hours
to transpose a forward matrix if no storage symmeiries are 2xploited.

The computational steps used to generate a back ma.rix B are
1isted in Figure 4.3. Each block shown contains the name of the
program step, the name of the wmain subioutine called (in pararthesis)
and the name of the output file (following the arrow). The outnut
file(s) for eacn step form inputs for the subsequent steps.

The first version of this code required nearly twelve hours
of computer tiuie to generate t  ut onte the reconstruction para-
meters were fixed and the pbuffe: ing optimizad, the back matrix
generation time was reduced to about an hour.

During development of these codes, several important numerical
constraints were discove:ec, peirtaining to calculetional accuracy
needed at various staues in the procedu-e:

1. The determinants cf the (ETE) matrices are very large
‘of order 1064), and can achieve values durinu the inversion prccess
which overflow the machine if attention is not paid toc this problem.

2. The three computation intensive steps, in which.ETE,

Toy-1.T

F! 7) F are formed, must be done using double preci-

(F E)—l, and (E
sion arithmetic for meeningful results to be obtained (on the 16
bit Ncva 5.

3. The irput data, i.e. the nutation pattern NUTXY and
the forward matrix F need not have double precision accuracy in
order to obtain a well-defined solution. This has important impli-
caticns for the hardware impelmentatior, suggesting that there will
be no unanticipated restrictions on the accuracy of the nutator or

data collection process.
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Defire nutation pattern

GrMX, (FORW) —— F . MX

Define forward matrix F

L

GFTF,(MMULT,DMULT )~ FTF MX

Form F1¢

ODINV, (MINV) ——> FTFINV. X
Perform inversion (ET_E)"1

TRANSP ,(MTP) + FT.TX,TYNV.TX

Transpose matrices to facilitace
multipiication

CBACK, {MiAULT) ~ BACLK.MX

MoTtiply (FTF)™1 #T -8
SBACK
TBACK

FIGURE 4.3
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4 Imane Quality

Tne evpected aquality of the imiges produces by this system can
be deduced by exumnination of the identity matrix fovymed by the pro-
duct B F = 1. We ask the ques! on: how w2{i are singie pixels
reproduced by the imaging prucess?

The tirst row of the identity generated by the minimum variance
B F product is showr in Figure 4.4. 1ne B-matrix was obtained using
the procedure described in the previous section, witn the F-matrix
agencratea by the 15/31 collapsing ellipse pattern. The row
containg the coupling coefricients for each of 64 'nput pixels into
output pixel number one. The coupling is truly excellent. [nput
pixel one is transferrad to output pixel one with unit amp’itude
to the accuracy of the representation. Contribution from othe:
pixels to output pixel cne are down by at least 12 orders of
magnitude. Similar accuracy is obtained for the 63 other pixels.

As & point of cowparisen, ine first row of the B r product
resulting from a buck matrix generated by en iterative tachniyue
previously developed during the program (see Phase I Interim
Repoi't) is shown in Figure 4.5. The coupling to tha correct pixel
is cnly about 93%, while significant transfer occurs from other
input pixels (note especialiy pixel 10 - row 2 «clumn 2 - which
has a coefficient of -.126. Thic is a very sigaificanc pixel-
pixel interaction). These results were still subjectively accepteble,

as s=en in the PHASE T interim report results.

v
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4.5 tEtvaluation of Image Noise

Equation 2.15 in Section 2.4.1 defined the equation for the

noise associated with the AIT reconstruction process:

N

2 2 TAIT 2
L (aR)D> = Y B.. AL (p )
FAIT % ij AIFRAME NAIT (2.15)
2
can

Once a back matrix has been defined, the quantity E%Bij
be evaluated. For comparison purposes, expressions for the pixel

noise associated with other imaging techniques have been derived:

For a staring array FLIR

§ Bij2 =1 , since only one coefficient Bij =1
NT = 1 (no scanning)
IRY4
<)%y - %‘%ﬁg‘ (4.1)
PNPIXEL is noise power for a single array element.

For a single detector scanning 'LIR

NT = NTSD (number of steps for a two-dimensional scan,
minimum of N).
‘ 2
N (P )
2 _ [ NPIXEL ,
< (AAi) >SD = — Ll (42)

FRAME
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For a linear scanning FLIR

Nr = NTLQ (number of steps for a one-dimensional scan,

minimum of VN ).

Y B, 2 since only one non-:oro coefficient

i
2
. N o (P oo )
I3 L5 NPIXEL -
< (A/\ ; ‘) > LS ) ._.-.._<v.:/.‘\?‘.‘:r.:_m._m..}.‘.,...._Q... ( 4.3 )

n order to mzke a direct comparison between the effects of
the imaging techniques themselves, comparable imaging conditions
must be defined. First, the frame time ZKTFRAME is set to one.
Then the relaticnship between the detector noise power for AIT must
be correctly written. To cover a specific field of view, each
nixel is mapped into a corresponding solid angle of target space.
The mapping of angular f.o.v. in target space onto the corresponding
detector area is il1lustrated in Figure 4.6, It is seen that for a
given field angle 0, the detector size d required for proper

coverage is

. 2bo
d = (4.4)

where D is the telescope aperture diameter and NA is the numerical
aperture of the detector condenser optics.

If 0 is the total imaging f.o.v., then in vhe FLIR systems,
each detector covers the angular region corresponding to one pixel.

For an N x N fieid, the pixel field angle is 0/N, or

= ?‘D.(‘)‘._A -
deL TR T ONTNAY (4.5)
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For AIT, each detector quadrant must cover the entire
¥.o.v., S0 the AIT detector size is given by equation (4.4).

Since, for IR detectors, the detector noise power is given by

2
u

Pro1se T Ypmpger? O (4.6)
where B is the sigpal bandwidth, and D* is the ncrmalized detectivity
of the detector.
Combhining equations (4.4) - (4.6), we obtain
p N*"P (Detector or hackground noise limit) (4.7)

NAIT NFLIR

In the photon noise 1imit, the noise is proportional to the

area A, of the target, rather than the area of the detector, so

A" P

- y K e \
PNAIT " NFLIR (photor noise limit)  {(4.8)

The imaging signal to noise performance of idealized FLIRs
versus several versions of the AIT are collected in Table 4.2.
The comparison assumes an 3 x 8 pixel field. The "15/31 E1lipse"
AIT is the system studied under this program, with a mean noise
factor of 1.05 obtained by averaging the naise factors of all the
6° pixels. The "ideal" AIT assumes a perfect raster scan nutation
pattern tc minimize noise factor. which is estimated at .25. This
kind of pattern wouid be unsuitab’e Jor tracking.

Performance for photon noise limit can “e obtained by the

substitution indicated in equation (4.3).
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COMPARATIVE S/N PERFORMANCE OF DIFFERENT IMAGER TYPES

NOISE POWERS VARY AS DETECTOR AREA.
AIT DETECTORS MUST COVER FULL F.O.V.,
FLYR DETECTORS COVER ONLY SINGLE PIXEL

F.0.V.
", FOR M= 64 PIXELS
A7 - =
Puarr = "M Puprxer T 8 Puprxer < 8 Py
ATEpame 1
V) 3
-1/§ Bii MrPuorse
cn 2
# GF )Y: _ -

IMGER  DETECTORS o 9 My Porse = Myno
STARING 64 1 1 Py Py
ARRAY
LINEAR 8 1 8 P, 2.82 o
SCAN FLIR N
SINGLE ] 1 64 Py 8,
ELEMENT
FLIR
AIT (15/31 4 1,05 1860 8P, 353.5 P,
ELLIPSE)
" 1DEAL" 4 (.25} 256 8P, 64 P,
AT !

TABLE 4.2

L PN TP £ F ST s
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4.6 Simulation Resuits

The reconstruction matyix can be tested for image formation
using the combination of prograws SIMDSK and IMAGE. The input to
the SIMDSK provram, which generates the simulated waveforms is
defined as a numerical intensity file. An example is shown in
Figure 4.7, which is the input file for a 2 x 4 pixel horizontal
bar, lucated at coordinates 0, C, and having unit intensity.

The cuthut of SIMDSK is a file containing the nutation waveforms
corresponding to the input image. Figure 4.8 shows a plot of
the waveforms, unvacked to show the outputs of quadrants 1 - 4
individually.

These output waveforms can then be used as inputs to the IMAGE
program whizh muitiplies the detector outputs by the reconstruction
matrix and displaye the results. The pseudo-color output for the
simulated horizontal bar is shown in Figure 4.9,

The results shown are essentially perfect. This is due
partly of course to the high accuracy of the reconstruction
algorithm, but also to the fact that the input objact was defined
in perfect registration with the pixel field, so that nc effects
of spatial quantization of the image are encountered.

A wcre realistic case i: the reconstruction of the same bar
rotated 450, as shown in Figure 4.10. Here the effects of spatial
quantizaticn are obvicus. and the resuits are more representative

of inage coding at trhis coarse resolution.

s HE
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The effects of quantization become more apparent in reconstruc-
tion of continuous-intensity cbjects. Figure 4.11 shows a small
Gaussian profile spot reconstruction, and Figure 4.12 shows a
square with Gaussian smootned edges. As well as the coarseness
of reconstruction, an axis of diagonai symmetry is apparent in
what are defined to be circular and four-fold symmetric objects.
This feature is an artifact of the sampling pattern, which,
especially near the center of the field, has non-uniform sampling

reflecting the sare diegonal symmetry.
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4.7 Algerithm Parameter Sensitivity

The simulation codes were used to test the sensicivity of the
reconstruction algorithm to small variations in sys*tu parangters
of enginzering importance. Tested were sensitivities to

1) Waveform snift, Routines were written to nuw.ericaliy
snift the detector waveforms in time. This was done to -imulate
the effects of phase shifts in real detector circuits and phase
error in synchranism between the nutation scan and sampling
circuitry.

2) Wavetorm smoothing. Simulates the effects of
bandlimiting in the readout electronics.

3) DC Tevel-shifting. Tests the effects of AC
coupling the detector outputs on image reconstruction.

The routines used to perform these operations transturmed the
detector vectar disk file and stored the conditioned waveform in
a local memory buffer. The codes were organized as signal

conditioning options on a menu at the star: of the IMAGE program.

4.7.1 Waveform shift

The detector vectors are packed iato a linearly
organized file. Properly unpackad, the detector values can be
treated as a two-dimensional array, so that any element < can

vs Wheve g = 1 - 4 (quadrant number) and

be labeled as d,
kqat)

t = 1 - 465 {time sample numbar).
A phase shift of onn fuil sample car bLe accumplished

by the cyclic permutation:

s . e
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t

g

d(q,c) = a(q,t+l) t 1 -~ 464  positive '
phase \

¢(q,455) = diq.1) shift ;
dig.t) = d(q,t-1) t = 2,865 negative |
phase ;

dlg,1) = diq,465) shife A

A phase shift of less chan one sample is done by
sample interpolation:
dia,t) = d(q,t! + s(d(q.:+1) - 4(q,t}) t = 1,464
d(q,465) = d(q,465) + s{d{q,1) - d{q,465))
positive phase shift
d(q,t) = d(q,t) + s{d(q,t-1) ~ d{nq,t)) t = 2,465
dl(q,1) = d(g,1) + s{d(q,465) - d(q,1))

negative phase shift

By iterative reconstruction of a .imulated input
detector vector conditioned by various phase shifts, the sensitivity
to waveform phas:2 was determined. A shift of a full time sample
was Tound to completely destiroy the reconstruction. The largest
phase shift that can be useu withcut unacceptable imaqe degradation
is approximately .1 time sample. Figurz 4.13 shows a simulated
horizental bar phase shifted by .1 tiwme sample. The total power in %

the image is5 reauccd by about I, e.

4.7.2 MWaveform smoothing

In order to test the effuct of wavaform smoothing ~s

might be caused by electrunic bandwidtn limitations, a simple

i

t

{

digital smoothing fiiter was used: §
|
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d(q,t) = %(d(q,t-1) + 2d(q,t) + d(q,t+1)) t + 2,464
d(q,1) = 4(d(q,465) + 2d(q,1) + d(q,2))
d(q,465) = u(d(q,464) + 2d(q,465) + d(q,1))

The result of smoothing the waveform is a smoothing of the
reconstructed image. Figure 4.14 shows the results of passing
the detector vector through the smocthing filter once, while
Figure 4.15 is the same image after three passes of the waveform
smoothing filter. The major effect is a continued loss of image

resolution.

4.7.3 Level shifting

The AIT reconstruction algorithm was defined with the
implicit assumption that the input detector samples were specified
positive definite with respect to an absolute zero level. From
an engineering point of view, this implies a DC coupled detection
system. In an AC coupled system the detector waveform has positive
and negative value extremes such that the RMS value of the waveform
is zero. This results in an offset or negative DC pedestal on the
waveform. Figure 4.16 shows the results o7 level shifting the
simulated waveforms for the horizontal bar negative by one-half
the peak waveform value. The reconstruction of the bar is unaf-
fected but artifacts are created in the corners of the reconstruction
field.

The DC offset of the waveform is physically equivalent
to superposing the target bar on a uniform (negative) intensity,
including intensity outside the field of view of the algcrithm as

defined by the pixel locations which generated the forward matrix.
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This power outside the reconstruction field is aliased into the
field, forming the corner artifacts.

In order to employ AC coupling in the AIT imaging
system, a simple DC restoratinon step was used to re-reference

the waveform to zero absolute minimum. This aliows effective

operation of the reconstruction in either AC coupled or DC coupled

systems exhibiting offset drift.
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5.0 SOFTWARE SIMULATION: TRACKING

The gen ralization of the original SCS tracking algorithm to
accommodate the more complex elliptical nutation pattern necessitated
the development of new software to perform and test the algorithm and
to test the tracking concept.

The procedure for implementing the AIT tracker algorithm
defined in Section 3 is shown in the flow diagram of Figure 5.1.

The generation of ail! the parameters required for execution of the
algorithm was coded, so that, givern a description of the target
object and the nutation minor cycles, the mask functions, gains, and
affset corrections were calculated.

Initial prcgrams written to test the tracking algorithm
created detector vectors by assuming the target to be a point
source with a given displacement relative to the center of the
field of view. These programs would also determine the "allowable
arcs" to be used for a given object size (even though the target
was considered a point source). Using these detector vectors and
allowable arc definitions, the programs would also calculate the
gain and offset for each {racker cycle. Algorithm consistoncy was
initially verified tv using the gains and offsets calculated for a
given object displacement in determining the positiuns of point
soucces with different displacements. Thereby, the sensitivity
of the algorithm 1o sets of displacements measured across sets of

gains and offsets was axamined,

b i
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The 15/31 colilapsing ellipse nutation pattern was divided into

minor cycles as shown in Figure 5.2 ~ 5.4.
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Define minor cycles for X and Y ]

; '
Generate N. y(M) masks Yor range
“»,. i i M ’
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calculate Sxty(M) and Xoff(M). Yoff(M)’ Calculation
define Nix,y(i}, Sx,y(M), X c.(H), J
Yoff(M) look-up tables
K1
fMeasure object using AIT image outputs,
select Nix,y(M)
¥ Host
Load PMP with correct Nix,y(M), Sx,y(M), xoff(M)'
Yorr(M)
; ¥
Mask incoming data with chosen Nix,y(H)AJ
( * P
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subtract x,y offsets
R
N { Filter Qutput et ot

L e

FIGURL &)




WWWWWWW Rl g
b ;

74

——
AN

R |
SRR | /
;l."_ AV | ,//
L s ’
‘*,‘ .

»

‘ FIGURE 5.2 AIT MINOR CYCLES

T IPSTRTRN T W VR TR TS 5 R W e 8 e




R TARRTEARET

i
e

10

FIGURE 5.3  AIT MINOR CYCLES (cont'd)
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FIGURE 5.4 AIT MINOR CYCLES (cont'd)
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5.1 Tracking Parformance

Transtfer functions Tor an AIT tracker algorithm defined using
a 2 pixel sized generator objoct were simulated. Small displacement
response was investigated using various test object sizes, while
large displacement response was investigated over the entire 8 x 8
field using single pixel test objects.

Figure 5.5 shows tha tracker transfer function for small
displacements. In this simuiation, a roughly two-pixel diamcter
Gaussian intensity profile spot was translated along the x-axis
in the vange -.75 pixels to +.75 pixels, and the tracker response
was calculaced for several different minor cycles. The results
are excellent. The residual offset spread for the transfer curves
through zero is less than .06 pixel size, or less than .03 of the
2 pixel spot diawmeter. Furthermore, the average of the ninor
cycle offsets is found to be zero to within the accuracy of the
simulation. The aigorithm displays no residual bias for averaging
times of one fuil pattern length or longer,

In Figure 5.6 the same calcutation is repeated using a 4 x 4
pixel square test object with Gaussian smoothed edges. This object
is larger by twice than the 1imit allowed by the definition of the
algorithm. Nevertheless, operation is very good, with aboutl .1
pixel offset spread and + 10Y effective gain variation in the
transfer func..on for difterent minor cycles. Again the average
offset for the minor cycies is zero. This result shows that tracker

performence degrades gracefully as the object size exceeds tiatl for
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which the algorithm cosfficients are optimized, which is a very
important nraczlical feature,

The large signal response curves also show useful performance
features. Figure 5.7 shows the tracker response to a cne-pixel
size sput translated Letween the cooruinates x = + 3.5 pixels. The
path is displaved to offset y = .5 pixel. Even at the edges of
the reconstruction field the slope change are not large.

In Figure 5.8, the object i again translated in the x-direction,
but with a displacement ¢f 2.5 pixels along the y-axis. Even at

the extremes of the displacement the curves are monotonic. This

Bl

property holds throughout the entire fizld; i.2. there are no slope
reversals that would result in any system instability. The algorithm
under all conditions responds with the correct sign of error signal.
and in any closed-loup application would drive the system towards

null, where the ultimate response is excellent.

[ —-
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6.0 BREADBOARD HARDWARE: OPTICAL SYSTEM

As part of the AIT program, a breadhoard optical system was ;
designed and constructed to generate nutated detector waveforms from |
real target images. The images were produced by a target simulator
in which targe. size, shape, intensity, position and rotation could ;
be controlled. Both systems were designed to operate at either

visible or infrared wavelengths.

6.1 Optical Layout

Figure 6.1 is a diagram of the AIT optical head and target
simulator system, drawn approximately to scale. A photograph of the
set-up 1s shown in Fiqure 6.2.

The simuiated target originates-as a target mask, shown at top
center in Fiqure 6.1. For visible operation, the target could be
a continucus-tone 3% mm transparency or a thin chemically-etched
copper mask. For IR operation, only the copper masks would be used.
The target is back-illuminated by a simple tungsten lamp and condenser
arrangement; in the IR, the tungsten lamp would be repiu-ed by a
hlack-body source. The target mask itself is mounted on a stepper-
motor driven rotary stage, allowing target rotation to be simulated.

The expandinyg beam from the target projector passes through a
pair of galvanometer mirror deflectors, shown in the upper left
corner of the figure. The defiectors can impose electrically
controlled tip-tilt on the beam, incucing apparent motion of the

target ohject.
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The beam is folded and sent to an off-axis paraboloid, which
collimates the beam. The beam is then reflected from a flat mirror
mounted on piezoelectric actuaters. This mirror can also cause
apparent target motion, or it can be used as a steering mirror in
closed-loop tracking experiments.

From the piezoelectric tracker mirror the beam is reflected
to another off-axis paraboloid, which brings the beam to a focus at
the input of the optical head after reflection from a final fold

mirror,

4 The optical train of the optical head must provide for the
:i following:
:*1 ; 1} The input must be imaged on the output quad cell
;fig;é detector.
f: " 2} The nutation pattern must be impressed on the
%‘;j input beam.

. 3) Means for adding . reference 1o the input beam
f a?f must be available.
;}%J: 4) Means for steering the input beam from the inside

of the instrument in an accurate ygrid patiern, with an eye to
generation of an instrumental back watrix {s«e hection .4.7) is

desirable.

The refer nce oo tem wos desiones for TR ase of Lhe bieadboard,

)
;;;‘f and was not in talledt in viable gueration Phe firae smal! foid
?;;~;; mirror followinyg the optic | head topat e an Pagure 600 would be

replaces by e /nSe iam oobiner A sl Bitack body and panbate

s staem, switched on ond o 0 by a o Dip oo, was designed ana
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constructed to inject a reference beam at this point.
The Tlarge spherical mirror, shown top right in the figure, is

the primary element for re-imaging the input beam on the detector.

It is equipped with motor-driven micrometer actuators and a precision
tilt sensor, so that it can be accurately positioned electronically
for generation of an instrumental back matrix.

In this system, nutation is performed by a set of galvanometer
scan mirrors, which separately impose the x and y nutation deflections.
In order that the pupil be imaged on each mirror without intervening
optical elements, an anamerphic field lens is placed at the input of

instrument. This causes the pupil image tc be separated to form to

orthogonal line focii, coinciding with the rotation axis of each
nutetor mirror. A set of output Tenses forms the nutated target
image at an appropriate magnification on the silicon quad celi

detector.
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6.2 Nutation

The AIT tracker-imager requires ar optical scan pattern of
sufficient sampling density to meet the spatial Nyquist criteria.

The rule-of-thumb for a quad cell-based AIT is that the quad cell
axes must sample each pixel at four distinct positions for alias-free
reconstruction to be acnieved. The scan pattern used in Phase I was
a circular spiral which contracts linearly in time from its maximum
to minimum diameter, where the Jatter is one-eighth the former.

This is called the linear spiral. The spiral takes eight revolutions
to go from maximum to minimum diameter and eight more to return to
maximum, for . total of sixteen (16) revolutinns per image cycle.
During each revolution, thirty-two (32) time samples are faken in
each quadrant, for a total of 32 x 16 x 4 = 2,048 data points per
image.

The resulting sampling apttern is shown in Fiyure 6.3a. The
spoke-like appearance of Tthe pattern results from the use of uni-
formly spaced time samples. For the same reason, the sampling density
is much higher near the center of the pattern. This ine.ficient use
of the nutation time causes the exterior pixels to he marginally
sampled while the interior is over-campled. Figure 6.3b shows the
path described by the nutation device over the pixel field.

The x- and y-drive waveforms for this pattern are shewn as the
bottom two traces of Figure 6.3c. The signais are sine and cosine
waves multiplied by linear shaped envelope functions, which are

shown for x and y as the first and second traces respectively.
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For the experimental wcrk done in Phase I, a two-axis piezoelectric
deflector driven by a digitaliy programmable waveform generator was
used to produce this nutation pattern. It was adequate for demon-
stration purposes but is too slow (approximately 250 Hz useful fre-
quency range) to be usable in a field instrument.

Previous work on the related 13 sensor utilized resonant
galvanometer scan mirvors to provide a circular nutation pattern
with constant amplitude at 10 kHz scan rates. Using two mirrors
(one per axis) in phase quadrature, the nutation can be controlied
to better than 1% in both amplitude and phase.

However, the resonant scan mirrors are designes to be high-Q
devices (Q is greater than 1000) in crder to achieve the required
deflections at high speeds. At 10 kHz, this implies a ontrol band-
width of Tess than 100 Hz. A Fourier analysis of the triargle
wave envelope fuaction of Fiugre 6.3c yields frequency components
at the fundamental, (104/16) = 625 Hz, with higher harmonic terms
at frequencies (62% + 628 x n) Hz. n odd, whose amplitude decreases
as 1/n?, This means that the mirrors must respond tc frequency
components several kilohertz above and below the 10 kHz center
frequency in order to approximate the required deflection wavetorms
(Figure 6.3c, bottom). This is precluded by the high mirror
). The conclusion is that a pair of resonant galvos cannot

generate the necessary All nutaton pattern.

S
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6.2.1 tour-mirrvor nutator

A solution to this problem is shown in Figure 6.4, Here

the scan mirror in each axis is replaced by a closely spaced pair of
mirrors. The basic iuea is to drive cach mirror of a one-axis pair
with a different constant frequency. The amplitude modulated
deflection waveform for that axis is then given by the beat frequency
modulation between the two mirror drives. One way to view this
method is to consider a drive waveform containing only two Fourier
components (instead of many, as with triangle wave modulation).
Instead of attempting to force a single mirror to respond to this
waveform, the components are separately applied to two mirrors and th
superposition obtained optically.

The advantage of this system is that ail mirrors can be
run at a constant phase and amplitude. The techniques for accom-

plishing this are already demonstrated.

6.2.2 Four-mirror nutaticn patterns

Two classes of nutation patterns can be obtained using
the four-mirror system, referred to as the cosine spiral and the
collapsing ellipse. They can be defined by the drive waveforms for

each mirror:
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Cosine spiral nutation:

X](t)

Xo{t)

(), x,(t)
y1(t), y,(t)

D =

The composite x and y scan amplitudes will ve

ti

B

1

Dmax/z {sin?\“:fN (fN/ZS)) tg

+
D/ 2 {sinZt\' [ry - (ry2s)] t‘g
0.,/ {cos?’ﬂ [fN + (fN/ZSB tg

Orax/2

{}0521“}N : (fN/2§{3 tkg

= waveform drives for x-axis mirrors

i

ma X imum

waveform drives for y-axis mirrors

diameter

nutation frequency

number of spirals per pattern ($/2 in, S/2 out)

(by a

simple trigunumetric subsiituticn:) :

Xspiral

y

spiral

= s > t
Dmaxs1ndﬂth cothfN/S

= DnaxCOSZWth gosZﬁfN/St

circular amplitude modulation
nutation at fN/S
at fN
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Collapsing ellipse nutation:

X 0t) = D /2 {sin?ﬂ\fN ' (fN/?§ §
x;(1) = D /2 zsinznlfN - N/ZS %
v.(t) =D /2 (inzw[} - (fy/2s)) tg
" max/¢ * NN
v
Yolt) = 0. /2 { sindg {_ - \fN/°§p1 t S
f
xe]lipse = Dmax 51n2 th c0s2 —§—t
Ty
Yellipse ~ Dpax COSZ fyt sin2 =t

Although the cosine spiral and eliipse waveforms differ
only in the phase of the y-axis envelopes, the resulting patterns
ara qualitativaly very different.

Figure 6.5a shnus the sampling density for a cosine spiral
with S = 15 revolutions per pantern and 31 time Ssamples per revo-
tution. The nutation path is that shown in Figure 6.%b while 6.5c
gives the x-and y- envelope functions and drive waveforms. Although
the edge sample density is better than for the linear spiral of
Tigure 6.3a, the sampling at intermediate radius is somewnat
sparse, while the central pixels are still over-sampled. The cosine
spiral would still have performance comparable to that of the linear
spiral, and is realizable. It remains a poor match for a square
reconstruction field, and so the following pattern, the collapsing

ellipse, was used instead.

R ]



qun LA b

AT W VN THYRT

93

I S
- -
o 8" " e ‘.
. ’
. . r -
1 Iy
. . L.
n "
- o .
P A A e .
» 2 o, . ® . hd
“ o o o ¢ °
- - « o a * . -
.. T e > . .’
\l. - L] . * .l
! . r * . v
® . PO » v .®
. PPLLE LY ST v
v, L] i .p' . ". g [ *
i . v A '.. - L4 .
e o . . ‘. - o v
0
. . - - »
ce a . - : '; . » v P
e » = . . . .' * s en
- * y < s L
LA d . - » «© Lx]
- - . . » 4
L
R4 ¢ . . - o L d - "o
. .- o © -
- . . ° M v - e
- . . L] * e *
o . e ‘v'.d. ’.o- . * ®n
* N FRWE N
L4 LS s * b
, e o .« * ~
e o o °
4 . o s ® 5
s LA v ® LY
4 f4,.00°"% ©
L4 o . »
0 .

FIGURE 6.5

. T



94

Figure 6.6a shows the sampling pattern for the c¢nllapsing
ellipse, for S = 15 revolutions per pattern and 31 samples per
revoiution. The square fi11 shape, tyrical of Lissajous fiqures, is
an ideal match to a squarc pixel field, and the sampling dersity is
now weighted toward the field edges. Figure 6.7 matches this
sampling pattern to an 8 x 8 pixel field. It is seen that the rule-
of-thumb of four distinct samples per pixel is obtained for every
pixei in the field. Thus, the coiiapsing ellipse with these scan
parameters yields a nearly ideal nutation pattern for image recon-
struction. Inspection of the individual mirror drive waveforms
shows also that the pattern is generated using only sine components,
eliminating the need Lo maintain a quadrature phase reference, thus
simplifying the nutation controller. A set of galvanometers was
designed and constructed which could operate at a basic nutation

rate of fn = 7980 Hz.
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6.3 Interface Electronics

In order to test the imaging capabilities of the AIT
breadboard, a set of special interface electronics was constructed
to allow the breadboard to operate directly with the DG Nova computer.
This enabled develepment and debugging of the optical subsystems in
parailel with work on the PMP.

The interface system is diagrammed in Figure 6.8. The four
silicon quad cell outputs are buffered by a set of preamplifiers,
and the analog waveforms sent to a set of analog switched integrators.
Tne integrators performed the front end signal integration and sampling
required bty the AIT algorithm, under the control of timing signals
from the DG Nova. The output sampled waveforms were digitized by the
Nova DG/DAC and recorded on disk.

In addition to data conditioning, the interface package
controllied the AIT slow-speed galvo set. For debugging and
experimentation without the PMP, a linear response pair of galvos,

E”? ; with sufficiently wideband, albeit slow, response was used, since
the Nova DG/DAC was not fast enough to accommcdate the 7980 Hz rate

of the fast 4 mirror galvo set. The slow galvos were driven by the

compound waveforms of Figure 6.6c, bottom. [(he wavetorms were

‘  fV*i generated on an Apple computer and downloaded to the interface wave-

forin generator through an R$-232 interface. The waveforms were ap-

\;'f‘fé plied to a set of driver amplifiers which controlled the linear

- LR gaivos.

o it bt el e
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7.0 BREADBOARD rIARDWARE: ELECTRONIC PROCESSOR

The complex AIT imaging and tracking algorithms require advanced,

highly specialized digital hardware o realize real-time operation.

To this end, a custom digital signal processor, the P-ogrammable

Microcoded Processor (PMP), was designed and built.

7.1 Processor Requirements

The processor unit for the AIT system must be capable of per-
forming imaging, tracking, nutation contrel, system control, data
output and other tasks in real time. This involves accessing of

v detector outputs, and sampiing, digitizing and buffering and

organizing the results into two data sets: the major cvcle data

ﬁ:f::f vectors which are 1860 samples long and must be processed for image
reconstruction, and the minor cycie sub-vectors 124 samples long,

"} which must be converted to tracker outputs. Tracking must ultimately

gg_;-; occur at 3 kHz update rate, while the imaging goal is 30 frames/sec.
/.2 PMP_Architecture

.ii ¥ The very high data throughput rate required of the system pro-
cessor precludes use of anv form of standerd winicomputer avchitec-
ture.  These general purpose machines require decoding of each
lii'z.‘ instruction into the hardware commands: the decoding step takes
several machine cycles, greatiy diminishing speed.  Lven advanced
ubf"1f array processors ave encumbeved by use of high-accuracy, floating
:: F A‘ point arithmetic unneeded here, as well as cuml rasome 170 structures,
age i reducing throughpu The alternative 14 o dedicated architecture

with no instruction decoding, fixed-point arithmetic and optiniced

e
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170, whicin meets performance requirements, and is also at least a
facter of ten less expensive than the c¢losest commercially available
processor configuration.

The PMP is a purely microcode driven digital signal processor
with 16 bit data and address busses and 16 bit basic fixed point
calculation accuracy. Rased on the AMD 2903 family of bit-slice
components, the system has a 100 nS cycle time and employs a 96
bit fully horizontal microcode word size.

A simplified diagram of the PMP architecture is shown in figure
7.1. It is apparent that the system is complex; the speed and
flexibility of the processor have been obtained at the expense of a
complicated architecture which is challenging to program. The effort
has nevertheless been highly successful, resulting in a very reliable
system without a single analog adjustment.

The PMP can be approached in iterms of functional sub-units or
processing resources. The extensive use of tri-state bus switches
allows different grouns of hardware components to function quasi-
independently on different tasks, with the boundaries between yroups
and their communication chanaels veriable dynamically under micro-
program contrel.

At center left in the diagram ere the Am 29035 and 2902 units
which form the system AlLU. They are loaded and operated by the
component qroup at top center, the An/904 and Am2910, the 96 bit
wide mizrocode memory and the microcode pipeline reaister. These
devices form a powerful contral unit for directing data flow,
memory access, external device operation and irternal computation

with a sranificant degree of parallelism. The efficient control of
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computational flow is enhanced by the group of four memory units
shown below the Am2910 group: the Bus Address Register (BAR) and its
Direct Bus Access (DBA) unit, and the Memory Address REgister (MAR)
and Direct Memcry Access unit. These memovies contain the maps and
tables needed to fetch and route data in the order requived from

the main data memory without use of iny time-consuming address
calculations.

The main data memories are located at lower left. They consist
of a pair of 4K by 16 bit blocks with separate access ports and address
controls. This allows one bank Lo indut data from some external
source (such as the digitized output >f a detector set) while the
other is read out for processing, thus implementing a "ping-pong”
buffer.

In addition tc these major PMP hardware units, the AIT version
cf the PMP contains several other sub-systems, shown at right in
the figure. The coefficient memory contains 128K by 16 bit words
of storage to accommodate the back matrix for image reconstruction.
Inputs from the detector preamps are integrated and digitized in
the discrete samples needed by the imaging and tracking algorithms
in a detector A/D front end with digitally controlled AGC, shown at
lower right.

Generation of up to four separate nutation drives and timing
of all nutation-synchronized operations is done by the Timing and
Image memories, located at right-center. Analog outputs of essentially
any internal values or results, such as x and y tracker outputs, are

facilitated by a bank of eight R-hit D/A converters.
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Finally, communication with a host or supervisory computer must

L8tk

be considered. Since the PMP is a dedicated digital system deliberately

contairing no high-level instruction capability, operator access,
system downloading, and other such tasks must be accomplished through
some exterral ceneral purpose computer. This communicecion proceeds
through a standard RS-232 poct on the data bus. Through this port
any and all memory locations ard registers (which are eqguiva'ent in
the PMP addressing scheme) can be loadec or accessed; in particular,
Lhe 1K by 96 bit microcode memory is downloaded through this port.

Major support of the PMP was done through the Data General Nova,
on whichn all microcode was developed using a specially configured
meta-asser’ v, For system diagnostic purposes, Pascal code for an
Apple computer was also writien whica allowed it to act as an
intelligent termiral for the PMP.  These support systems helped make
the. challenging task of programming the PMP more manageable and

eff cient.
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7.3 AIT Micrcprogram Structure

The AIT microcode procedures arve divided into a set of modules
contained within a simple execution loop. The modules are used
to sequentially initialize sach of the PMP memuries with the algoritha
parameters (tracker mask functicn and o¥fsets, nutation waveforms,
etc.) required for a particular AIT configuration. As a first step,
a 16~word bootstrap loader is entered into the top of microcode
memory, which facilitates loacing of the remaining inicro-program,

The operation of the AIT microprogram is outlined in Table 7.1,
while the flow of proaram control is diagrammed ir Figure 7.2. The
action of the microprogram proceeds as follows.

After the PMP has been downloaded with the AIT micvocode, the
microprogram will enter a loop waiting for a word to be transmitted
from the host over the RS5-7232 line. When the word is received, it
will be interpreted as a command by the microporgram, which will
branch to a specific module using the command code as an offset into
a dispatch table. After the command has been executed, control will
return to the wait loap (except for the "RUN" command) where the
mircoprogram will wait for the next command. Thus, the AIT micro-

program contairs no executive (only a central dispatcher and several

modules), and is totally driven by the haost. This ailows the PMP to
operate in a very general environment with the PMP run-time configura-
tion dictated by the host to allow running different varigtions of

the same experiment.
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AIT SCENARIO

» DOWNLOAD TMAGE MEMORY. Contalins uigital codes to
be converied to anaing signals which drive the two

nutation mirrors.

« DCWNLOAD TIMING MEMORY. Contains digital timing
and synchronizing information used te integrate and
digitize QUAD CELL outputs, ana synchronize micro-
program to the data acauisition process.

« DOWNLOAD DBA MAP. Contains codes used to gddress and
read the integrating analog to digital converters,

« DOWNLOAD DAR MAP., <Contains address pointers used
to fetch the digital samples and pre-stored coeffi-
cients to allow high speed clgorithm execution.

o« DOWNLOAD MAIN MEMCRY., Contains algorithm constants,

e« DOWNLOAD COFFFICIENT MATRIX MEMORY. Contains
Imaging Transformation Matrix (Back Matrix).

e RUN.
Initialize and control data acquisition hardware,

]
2. Execute Tracking algorithm,
3, Execute Imaging algcrithm,

TABLE 7.1
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The PMP contains three autonomous dedicated hardware resources
that need to be initialized. One is the Image Memory which contains
the digitized nutation control waveforms used to drive the mirrors.
The host computer will generate these waveforms and send the sequence
of numbers to the PMP, which will, in turn, load the sequence
into the memory. In addition, the microprogram will initialize the
Image Memory control hardware that is used to determine the nutation
frequency. Once initialized, the Image Memory machine is free-running,
and the waveform sequence will be repetitively fetched and converted
to analog.

The second resource is the Timing Memory which contains timing
information used to synchronize all the elements in the system.

One bit is used to command the A/Ds to convert and another bit is

used to synchronize the microprogram to specific points in the
nutaticn cycle (i.e. tracker cycle endpoints). Again the Timing
Memory is loaded by the microprogram with a timing map generated by
the host; and its control logic initiated so that these two memories
are running in lock step with a programmable phase delay between them.
Note that the Timing Memory allows the microprogram to cellect and
operate on the sampled data in real-time and, thus, optimize the
tracking response time.

The third resource is the Direct Bus Access (DBA) machine used
to fetch the four integrated-digitized QUAD CELL outputs, under control
of a Timing Memory bit. The detector's outputs (at specitic points

in the nutation cycle, with minimum latency) are stored intoc a
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buffer, in a fixed order, to be processed later by the microprogram.
As in the previous two memories, this dedicated hardware resource
must be proqgrammed by the microcode.

In order to facilitate high-speed algorithm execution, another
hardware resource exists called the Direct Access Register (DAR) map.
Essentially, this machine maps a count sequence into a random
sequence. In cother words, a sequence generated by a counter accesses
a RAM {containing an address pointer lis<:) which in turn points to a
fixed storage location in the main buffer where the data samples are
stored; and, thus, obviating any effective address calculations.

Also stored in the main data base are various algorithm parameters
such as the number of segments in a tracker cycle, gain ccefficients,
and displacement offsets. Whenever the microprogram needs to access
a data sample or a parameter, the microinstruction will issue the
micro-o~ders to access the buffer using the DAR map and advance the
DAR counter.

The only unique command is the "RUN" command where the micro-
program executes the tracking and imaging algcorithms. Note that these
two algorithms are independent in that they operate on different
data sets and under different constraints, but with some resource
sharing. Thus, the environment is similar to multiprogramming with
the tracking routine having higher priority.

Essentially the micropregram will periodically test a bit in
Timing Memory signifying that all the segments of a Tracker Cycle
have been integrated, digitized, and stored in main memory; anrd ready

to be processed. When this condition occurs, the microprogram will
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oranch to the trarking module. The microcode first fetches the
parameter that contains the number of segmentc in the current Tracker
Cycle and loads this number into the microsequencer's internal loop
counter. Next, using the DAR Map and the loop counter, the segments
are accumulated for each of the detector's four quadrants. Then

the routine computes the "numerator" and "denominator", performs

the division, multiplies the ratio by tne gain coefficient, and then
adds in the offset. Finally the displacement is checked for over-
flow and clamped to full scale if necessary.

Whenever the microprogram is not executing the tracking algo-
rithm, and a full frame ol "fresh" data has bteen collected, the
microcode will exacute the imaging algorithm. Note that main memory
is realiy divided into two separate ping-pong buffers so that where
it s time to process a new image frame, the buffers are swung for
one major cycle in order to freeze one frame's worth of data. On
the next cycie the buffers are swung back so now the imaging data can
be accessed without contention over several major cycles.

The imaging algorithm basically consists of computing the inner
product of the detector vector (1860 sample points), times the Imaging
Transformation Coefficient Matrix (64 x 1860) to yield the pixel
vector (64 points). First the detector vector element is fetched
from memory (using the DMA address counter) and the coefficient is
fetched from the 128K C-matrix memory, then multiplied together
(16 x 16 signed multiply), and finally added to the previous product

(22-bit accumulation). After the entive column has been multiplied,

R R
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the pixel value is sent to the host cver the RS-Z32 line. Note that
the DC bias must first be removed from the detector vector hefore

multipiication. The DC bias value for each quadrant is specified by
choosing those four elements in the detector vactor for which it is

guaranteed no power fell on the quadrant.
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7.4 Processor Performance

The PMP was microcoded to perform both the imaging and tracking
funcitons and was tested using simulated data sets downloaded from
the DG Nova. The processor performed both tasks flawlessly.

As a part of system operation, the PMP had to generate the
15/31 nutation pattern drives for the nutation mirrors. Figure 7.3
shows an x-y oscillegram of the waveform outs of the drives for a
two-mirror system. Amplitude modulation of the oscilloscope was
controlled by the sample timing pulse. The result is an accurate
rendition of the 15/31 collapsing ellipse pattern. This verifies
autonomous operation of the Image and Timing memories and associated
nutation-synchronized circuitry.

To test the full range of tracker operation, an entire forward
matrix was loaded into coefficient memory, where the simulated
pixel vectors for each of ithe 64 pixel locations could be accessed by
the PMP in the same way as real-time data. The PMP was programmed
to step through each pixel in raster fashion, convert the data 1o
spot location using the AIT tracker algorithm, and output the x,y
results through a pair of the general purpose D/A converters.

The separate X and Y analog outputs are shown in Figure 7.4.

In 7.4a the full scan is shown, with the upper trace indicating the
x-output and the lower the y-output. The expected staircase wave-
forms are clearly in evidence, reproducing the pixel locations to
an accuracy consistent with the tracker simulation resuits. Figure

7.4b shows one row of eight pixels ‘constant y value), revealing the

LR A L
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departures from ideal output at the field extremes predicted by
the simulations.

Figure 7.5 shows the resuits for the entire field, with the
x output plotted against y. The grid pattern associated with ideal
opevation is found in the center of the field, with loss of accuracy
occurring in the field corners. Again this matches the predictions
of the simelations and shows the exceilent performance of both the
processor and the algorithm.

To test the imaging microcode, the back matrix was loaded into
coefficient memory, and simulated detector vectors were loaded into
data memory through the RS-232 port. Two vectors could be loaded
simultanecusly, one in each buffer, and alternately processed using
the image reconstruction algorithm.

The results were found to be excellent, with reconstruction
fidelity using the PMP's 16 bt fixed point arithmetic essentially
indistinguishable from the DG Nova floating-point results. Image
reconstruction using the PMP alone took approximately 2 seconds; down
from the 16 required by the DG Nova with optimized code. Again,
perfect operation of the PMP was demonstrated. An increase of frame
speed beyond this point requires use of the special hardware multi-

plier unit, the Vector Matrix Multiplier (VMM).
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7.5 Vector Matrix Multiplier

The Vector Matyix Myltiplier, or VMM system, is made up of
two units. One unit, cailed the Vector Processor, consists of a dual
vector buffer, a vector matsix multiplier, and the VMM system con-
troller. The oty nnit, called the Coefficient Memory, consists
of an expandable coefficient watrix memory system, as discussed in
Section 7.2. Togeiher, these units perform a vector matrix multi-
nlication for a single row vector with a coefficient matrix with
the proper dimensions. For the AIT study, the row vector has
1 x 1860 elements and the coefficient matrix has 1860 x 64 elements.
After a vector matrix muitiplication is performed, a new vector of

54 elements is produced.

VMM Operating Description

Figure 7.6 describes the YMM architecture. It is divided into
a Vector Processor and Cocfficient Memory; of which a maximum of eight
memory sections oc 512K words of memory can be used. Doth the
Vector Processor and Coefficient Memory have been designea in a pipe-
Tine architecture in nrder to speed the vector processing through-
put rate.  The maximum through-put rate was designed for 10 MHz, but
at the present time the through-put vate is limited to 6 MHz due to
the multiplier gccumulator device being used (TRW MAC 1010J). As

taster muitinlies accumulaotor devices are avaiiable, the maximum

throvgh-put raze of 10 Mz can be vealized,
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In operation, the VMM vector buffers will accept data from the PMP
external bus (x bus) and perform the multiplication and accumulation
using the TRW multiplier. The VMM operates unde: its own clock,
so the ping-pong buffering, with the two sections controlled by sepa-
rate address generators, acts as a synchronous interface hetween the
PMP and VMM. The coefficients are fetched from C-memory via a
separate internal bus (in contrast to the way C-menory is used for
PMP image processing) to prevent tying up the PMP Data bus by
coefficient transfers. The resultant image vectors are sent bhack
to the PMP over the PMP data bus.

The target performarce of the VMM is shown in Table 7.2. The
hardware is designed to exceed the 30 Hz frame rate yoal, allowing
a healthy operating margin. Although completely designed and
fabricated, the VMM was not debugged and integrated with the PMP by
the end of the program, and so full 30 frame/sec processing rate

could not be demonstrated.
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Time required to nrocess a vector with one column of the
coefficient matrix:

1860 VMM clock cycles (number elements in vector)
8 VMM clock cycles (pipeline feed through delay)

TOTAL 1868 VMM clock cycle (VMMCLK = & MHz)
TOTAL TIME = 312 microseconds

Time required to read one multiplication process out of the
VMM into the PMP:

10 PMP cleck cycle

The PMP clock period must be 1/2 of the VMM clock period to
read the processed result (3 MHz)

Therafore, the time to read the results and reinitialize
another multiplication process is:

.33 microseconds x 10 clock cycles
3.3 microseconds/readout
Total time to process the entire matrix:
{312 + 3.3) 64 = 20.2 milliseconds
Coriclusion:

The VMM can process 49.5 vector matrix multiplications
per second.

TABLE 7.2 VMM SYSTEM TIMING REQUIREMENT FOR AIT
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8.0 EXPERIMENTAL SOFTWARE

A large body of software was written to enable the Nova to
support all of the experimental data collection, breadboard develop-
ment, and processor development tasks in the program, apart from
the scftware designed for algorithm simulation. In the sections
below, the capabilities of the codes written to suppoft the optical
benchwork, PMP development, the Genisco color display, and general
system work are outlined. The descriptions are by no means complete,
but rather indicate the general intent and emphasis of the software
effort. A listing and brief synopsis of all the programs, sub-
routines and utilities written for the AIT program is given in

Appendix I.




121

8.1 PMP Support

Programs were written to provide four types of support to
the effort to integrate the AQA-designed programmable microcoded
processor (PMP) into the AIT project:

i) Programs to download the "bootstrap" microcode and
the microcoded program into the control store of the PMP.

2) Programs to interact with the microcoded diagnostic
routines to debug the PMP hardware. There is a "heirarchy" of
these program sets. The testing proceded from verifying the inte-
yrity of the most vital and basic hardware resources to trying to
induce subtle and data-dependent hardware failures.

3) Programs to simulate the microcoded processes using
algorithms that mimic these processes. Intermediate results could
then be generated and displayed and used as an aid in debugging
the microcode.

4) Programs to invoke particular microcode modules and
to process and display the results calculated from the data
received from the PMP.

A1l communication between the PMP and the Nova is carried over
a standard three-wire RS$-232 line. A very simple standard protocol
was developed for communication between the PMP and the Nova. This
protocol was sufficient for all the modes of PMP support. Under
this protocol, the Nova downloads the bootstrap and microcode
program to the PMP, indicating which microcode procedure is to be

carried out. If more data is required from the Nova for the PMP



to carry out this task, more information is sent in this form: a
number indicating the number of words in the further communication
is sent to the PMP, followed by the data words themselves. Finally,
a checksum of all the previous words is sent to the PMP. The PMP,
in order to communicate with the slower Nova, awaits a one byte
request from the Nova before sending a stream cf data (of a well
defined type and extent) to the Nova.

This protocol allowed the microcode programs to be built
gradually in modules, which could be individually called and tested
by the Nova. The modular structure of the PMP code permitted
greater efficiency in coding, and also permitted greater flexibility
in revising and using the code. Functional microcode modules could
be selected from a library of modules and matched to a particular
task with minimal overhead.

At the beginning of the effort to achieve PMP-Nova integration,
a communications problem was discovered. The Nnva RDOS operating
system could only recognize numbers correspending to ASCII “control-
S" and "control-Q" as console control characters, even when the
user program was employing a Fortran "read binary" command. An
assembly language routine using the RDOS sys:em command ".RDS"

(read sequential) was written, but these ASCII characters were still
not recognized as data. Both input techniques resulted in these
characters being intercepted by the operating system and thus,

beiny lost to the calling program.
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Faulty RDOS documentation (revealed by a later Data General
documentation update) prevented a simple solution to this problem
from becoming immediately apparent. A stopgap measure was developed
and exploited for the remainder of the AIT project. This solution
consisted of writing an assembly language routine to directly
intarrogate the Universal Line Multiplexor (ULM) board, the hardware
intermediary for communications with the PMP and the Dasher printer.
This ULM interrcgatiocn subroutine was used in all the Nova programs
communicating with the PMP. With a simple revision of these pro-
grams, ordinary Fortran "read binaries”" could now be used. Many of
the utilities listed in Appendix I were written to diagnose and

correct this problem.
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8.2 Bench Support

Support for experimental data collection was provided by
programs to control the operation of the electronic devices used to
drive the nutation mirrors and to sample the detector outputs in
synchrony with the sampie intervals required by the tracking and
imaging algorithms. The mirvors were driven by the interface
electronics package (the rack).  In order to drive the mirrors, this
device required digital information that defines the frequency and
the voltage levels of the signals it sends the mirrors, and a
representation of the nutation pattern in a form that can be used to
drive each mirvror.

The programs written to control this hardware were duplicated
in a form that could be used by an Apple computer equipped with a
digital to analog converter. (These programs were written in "Basic"
and in assembly language for the 6502 microprocessor.) The Nova
computer was thereby freed from this chore,

The AIT rack also contains switched integrators and sample
and hold registers used in the taking of data., These hardware
gengrated timing sigrals were used by the Nova softwars to deterwine when
to read the sample and hold registers.

The program EXPDSK contains the code neces: ary to take data
from the sample and holds, scale the data, and store the dava to a
disk ftle.  EXPDSK incorporates the same heador and file name
craation subroutines as SIMDSK.  The files it generates have
exactly the same format at the SIMDAK files, except for a ditferance

in the letter code in the File name,
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In order t simplify data-taking from the experimental apparatus,
two prograins - variants of EXPDSK and lmage, respectively named
SNAP and FSIMAGE - were created. These wwo programs are linked to
one ancther by a Fortran "chain'", so that each program invokes the
other in a continuous process of taking data and viewing the results.
Minor changes of the program flow have been written into these
programs to make them more convenient to use in this application.

There were stringent limitations imposed on the rate at which
data could be taken. These limitations derived from those of the
Data General digital to analog converter hardware. Scanning four
charnels, with external sample and hold registers provided by the
AIT rack, no more than 3500 sample points per second could be
accommodated. ihese procuced an upper 1imit of approximately 5

frames per second on the imaging rate.
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8.3 The Genisco Color Display

Another major software development project undertaken during
AIT Phase IT relates to the use of the Genisco Color Prccessing
System. This color processor permits a real time display of the
8 x 8 pixel Tield calculated by the image processing equipment.

Use of this color processor required tne development of a Fortran-
callable assembly ianguage interface (PGPDR, PGFDM) to the
processor and also an assembly language program to load the vender
supplied color processor operatiing system to the programmable color
processor (PGP). Using the programming language provided by the PGP
operating system and using the Fortran-callable interface, code was
written to create pseudo-color displays of the 8 x 8 pixel image,
and cther code was written to permit x-y graphical displays to
appear on the color monitor. An x-y plotting utility permics a
6-color display of the 4 detector vector waveforms and a measurement
grid. Displays of other functions occur in other programs. The
fast and easy-to-use graphing and imaging tools developed for

this contract will be used again and again in future work.

With regards to the real time display of the 8 x 8 pixel image,
the Genisco system was originally chosen for its fast data channel
interface capability with Data General equipment, and its ability
to produce image Trames at high rates. A frame rate of approximately
15 frames per second was accomplished, using the relatively high

tevel PGP operating wystem executive language provided by Genisco.
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Using a lower level Genisco color graphics processing assembly
language, further improvements in frame rates can likely be
accomplished.

These imaging and graphing subroutines (using the Genisco
PGP system) have replaced the terminal and printer graphing routines

previously used by Image and SIMDSK. These subroutines and their

variants have also been used extensively in other programs.
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8.4 General Disk File Handling Utilities

A general disk file handling package developed for the AIAC
contract was adapted for use in AIT software and was widely used.
The package includes routines to write out to disk 2 parameter
header and sets of data and other routines to read back the header
and the data sets. There is also a file naming utility and an error
nandling utility. The naming utility creates a disk file with a
unique name based on the source of the data (optical bench, or
simulation, or other) and also derived from the date and time of the
file creation. The error handler sends error messages to the
console and returns control of the program to an appropriate point
in the program (that is, it provides an error return as well as a
normal return).

These routines were designed with the goal of being made
general enough to ac.ommodate data sets of different sizes and
structure, for example, with different nutatior. patterns and
sanpling schemes. But, they were made nodular enough and simple
enough to ailow easy tmplementation and adequate standardizatinon

tor uniformity of use.
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8.4 General Disk File Handling Utilities

A general disk file hondling package developed for the AIAD
contract was adapted for use in AlT software and was wideiv used.
The package includes routines to write out to disk a parameter
header and sets of data and other routines to read back the header
and the data sets. There is also a file naming utility and an error
handling (tility. The naming utility creates a disk file with a
unique name based on the source of the data {optical bench, or
simulation, or other) and also derived from the date and time of the
file creation. Tne error handler sends error messages to the
console and returns controi of the program to an appropriate poeint
in the program (that is, it provides an error veturn as well as a
normal return).

These routines were designed with the goal of being made
general enough to accommodate data sets of different sizes and
structure, for example, with different nutation patterns and
sampling schemes. But, they were made modular enough and simple
enough to allow easy impliemeiitation and adequate standardization

for uniformity of use.
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9.0 EXPERIMENTAL BREADBOARD RESULTS

The experimental breadboard system was set up for visible
wavelength operation and inferfaced to the DG Nova through the AIl
Interface Electronics rack and the DG/DAC laboratory interface. A
binary intensity bar target mask was installed “n the targetl
projector, and the nutation amplitude adjusted so that the bar
presented as having dimensions of approximately 2 x 4 pixels in the
reconstruction fijeld. Because of the anamorphic field lens,
the pattern scanned had a roughly 5:3 aspect ratio resulting in the
distorted reconstruction field of Figure 9.1. As a result, the bar
would appear to be about 2 x 4 pixels in extent for one orientation,

but closer to 1 x 6 pixels when rotated 90°.

If required, the aspect ratio can be corrected either by an
anamorphic re-imaging system or a simple deviation prism-corrector

The nutation drive was set for a frame rate of .5 Hz. This
slow speed was found desirable to minimize the phase shift in the
linear galvo response. In this experiment, no direct sensing of
the galvo mirror positions was used, either for mirror control or
syster: synchronization. In the high speed system, mirror position
is sensed dynamically and used in a feedback loop to stabilize the
nutation pattern; here the phase shift pattern does not arise.

Using the SNAP program, data sets were taken from the bench,
signal conditioned, and converted to output images. Systema‘ic
phase of fsets were renoved using the snifting algorithms and
DC restoration was performed on the experimental waveforms, as

described in Section 4.
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A comparison between the simulated detector waveform for a
horizontal bar and the experimental waveform, as measured at the
output of the switched integrator, is shown in Fiqure 9.2. The
lower trace is the simulation of quadrant 1, whiie the upper is
guadrant 1 experimental.

The results of reconstruction of the experimental waveform are
shown in Figure 9.3. Figure 9.3a is the experimental result, and
9.3b is the simulaved reconstruction, reproduced for comparison.

The experimental ba is imperfect but good; much of the
reduction in uniformity from simulation is due to the slightly
smaller size of the real par and the fact that the bar is not
precisely registered on the reconstruction field. The rendition
i< accurate, and is the final proof of the efficacy of the entire
AIT imagingy approach.

The images in Figure 9.4 a - h are taken from a sequence of
32 reconstructions of the bar as it was rotated through 360%. The
display primarily shows the different effects of coarse image
sampling. In Figure 9.4 . the end of the bar which is rotating
accentrically actually touches the edge of the reconstruction field;
the results of aliasing of outside power are not apparent, indica-
ting that the algoriiihm is robust with respect to small . partures

ot the jrmage from the reconstruction definition field.

The reconstructicn of images from real input data using the

AIT breadboard optics was the major goal of the AIT program. It is
now possible to carry out a series ot chorough experimental studies

using the AIT systenm.
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QUADRANT 1: EXPERIMENTAL WAVEFORMS
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FIGURE 9.3a

FIGURE 9.3b
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10.0  SUMMARY AND CONCLUSIONS

The AIT program has in total been highly successful. The
basic gual of the program has been reached: namely, a new form of
imager-tracker in which high-accuracy, high-update rate centroid
tracking is obtained simultaneousiy with medium-speed imaging his
been demonstrated. In the process a number of significant
theoretical and techmological contributions have been made:

1) The AIT class of imaging algorithms has been analyzed
and formally characterized. A general method for obtaining image
reconstruction algorithms for any resclution has been defined.
Regquirements for spatial sampling, computational accuracy, and
signal conditioning have been established. The accuracy of image
reconstruction has been quantitatively examined in simulation. The
signdal~to-nnise characteristics of the imaging process have been
defined, and the results compared with other imaging techniques.
Particular image-ennancement characteristics of the reccnstruction
process have been discovered.

2) A class of tracker algorithms suitable for the AIT
process has been defined. A prescription for generating an algorithm
appropriate to any object size at any resclution has been nbtained.
The tracker algorithm has been extensively characterized in simu-
lation and found to have e:xcellent properties, displaying good
performance far outside its optimal aynamic range. The tracker
S/N performance has been estimated and approachcs that of an ideal

quad-cell tracker.
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3) A powerful new digital signal processer, the PMP, has
been designed, constructed, and has successfully executed both
imaging and tracking algorithms. Tracking computatior speed was
demonstrated at a full 8 kHz rate, while image rate reached a
speed of 2 seconds/frame. A fast vector processing unit, the VMM,
was decigned and constructed to exceed the 30 Hz frame rate goal,
but was not tested.

4) A portable AIT optical breadboard was designed and
fabricated, and used to demonstrate reconstruction of real images.
The system is capable of visible and infrared operation, and
includes a dynamic target simulator with control of taryet rotation,
position, and contrast. The breadboard can operate at variable
lTow nutation rates with the DG Nova computer or at fixed high rate
with the PMP. A special 4-mirror scanner technique was invented
and its properties formally characterized, so that an appropriate
nutation pattern can be uvefined for any resolution.

5) A large body of experimental software was written,
including codes for simulation of tracking and imaging, experimental
data collection, PMP development, and color displav support. The
software is in the form of many utility routines called by a few
large programs, allocwing flexibility in contfiguring the programs
for new tasks. The AIT code development forms a substantial basis
for conducting new investigations into rel.ted forms of imaging

and signai processing.
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With the AIT breadboard system complete, experimental
characterization of the imaging and tracking algorithms may be
carried out. This would be of particular interest in the infrared

mode of operation. (Other types of detectors can be employed, Since

the algorithm formulations are quite general and not limited to

use with the quad cell detector conftiguration. The image processing
o preperties of the technigue can also be explored since the appro-
’@;;fo priate software and hardware tools are in place,

. The AIT program output has met or exceeded most of its

goals and expectations, and can likeiy form a nucleus for significant

fi.. ther developments.
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APPENDIX I: SOFTWARE SUMMARY

This appendix contains a compilation of all the software
developed for the AIT program. The documentation is organized
approximately along the lines of usage within the AIT program.
Main programs are listed first, and all subroutines last. This
listing is intended as both an overview of the code and as a
guidebook for new users of the system. Further information is
available in "help" files located on the disks where the source
files are stored, and in the more general support documentation

for the Data General and Genisco equipment used.
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MISSION
of
rtome Atr Development Center %

RADC plans and executes reseanch, development, test and

selected acquisdtion proghams <in suppont o4 Command, Controf

Communications and Intelligence (C37] Getivdties. Technical

and engineerning support within areas 0f Lechnical competonce §§
&

44 provided to ESD Progham Offices (POs) and other ESD
elements. The principal technical mission areas are
commundcations, e2lectromagnetic guddance and control, Aunr-
vedflance of ground and aerospace obfects, {ntelligence data
collection and handling, <néonmation system fechnology,
<onoapheric propagation, solid state scdlences, mdcrowaue
rhysics and electrnonic neliandlity, maintadinabil’ty and ;§
A

compatibi{lity.

Y

CWWWWW@W%
;
3

3

%
3
R0 S AR RS AF A6 SIS IO SF A 1K 9 F

o




